) of herbivore dung per week and cost of disposal of this dung is $105/week. The majority of this dung originates from the Zoo's elephant and rhinoceros population. The estimated weight of the dung is 20 metric tons per week and the methane production potential determined in experiments was 0.033 L biogas/g dung (0.020 L CH 4 /g dung), and the digestion of elephant dung was enhanced by the addition of ammonium nitrogen. Digestion was better overall at 37°C when compared to digestion at 50°C. Based on the amount of dung generated at the Knoxville Zoo, it is estimated that two standard garden grills could be operated 24 h per day using the gas from a digester treating 20 metric ton herbivore dung per week.
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INTRODUCTION
Until the 1960's, coal was the single most important source of the world's primary energy. In the late 1960's it was overtaken by oil; but forecasts predict that coal will again become the major primary energy source at some stage during the first half of the next century. In 1998, the production of hard coal in the United States was 936 million tons (Mt). Coal is the major fuel used for generating electricity in the United States, accounting for 56% of the electricity generated in 1998.
One approach to reduce the nation's dependence on coal and other fossil fuels is for utility companies to cofire (either directly or indirectly) a percentage of their total fuel requirements using biomass. Recognizing the tremendous coal requirements to produce electricity and process steam in the United States, even small biomass co-firing rates would have a significant impact both environmentally and economically. Furthermore, co-firing with biomass supports policies of the Clean Air and Energy Policy Act, since biomass represents a clean fuel source which can
• reduce SO X emissions (biomass contains very little sulfur),
• reduce methane (formed in degradation of unused biomass) released into the atmosphere, and • reduce NO X emissions (biomass contains less nitrogen than coal). 1 A source of biomass material for direct or indirect co-firing with coal that has not received much attention is zoo animal waste. Nearly every metropolitan city in the United States has a zoo, and the amount of wastes produced by the animals in these zoos and the energy that can be derived from them is quite significant. For example, for the zoo in a mid-size city like Knoxville, Tennessee, animal waste production is about 20 metric tons per week. Animal wastes have an energy value for direct combustion, just like many other organic compounds such as solid wastes from municipalities. There has been very little experience in the direct combustion of animal wastes, either by themselves or as a supplement to some other organic fuel source such as coal. Discussions with the main power supplier in the area, Tennessee Valley Authority, indicated that the type of waste generated by the zoo is not compatible with the type of burners used in the local vicinity. However, indirect co-firing of gases from an anaerobic digestion lagoon may be feasible. A more attractive option is to locate a digester at the zoo for energy and/or heat generation.
The production of methane from various forms of biomass has recently been reviewed. 2 Methane yields from biomass range on average from 0.3 to 0.4 m 3 methane/kg volatile solids. Methane yields from animal waste have also been studied, although these studies have targeted domesticated animals. When compared to other types of biomass, animal waste has the greatest potential for methane production. 3 Some encouraging results exist for the use of large-animal waste at the Baltimore Zoo, where a private contractor built two digesters in 1974 and 1980 at the zoo for demonstration purposes. That system produced 1.4 m 3 gas per day, 4 and the power generated was used on site. The Associated Press has also reported on the generation of electricity from elephant dung in Thailand. 
MATERIALS AND METHODS

ANIMAL WASTE
Elephant and rhinoceros dung was obtained in August 2000 from the Knoxville Zoo packaged in several layers of plastic. The dung was refrigerated at 4°C prior to use. The appearance of the two types of dung was very similar in structure and coloring, with the elephant dung being slightly greener in appearance. Both dung types were solids containing a large amount of undigested whole fiber. The moisture (determined by drying at 105°C for 24 h) and total volatile solids (TVS) content (heating to 550°C for 45 min) are shown in Table 1 . In addition to the zoo dung, cow manure was collected as digestion starter from a local farmer. This manure was also refrigerated prior to use.
EQUIPMENT
The anaerobic digestions were carried out in sealed glass flasks with an attached gas bag to allow for collection of generated gases. The sizes of the glass flasks were between nominal 250 mL to 2 L. The liquid content in the digesters was approximately 100 mL (for 250-mL digesters) and 1.8 L (for 2-L digesters). A photograph of a 2-L digester is shown in Fig. 1 . The digesters were placed in a temperature-controlled environment and the content of the digesters was not mechanically mixed. 
ANALYTICAL TECHNIQUES
Gas samples were periodically collected using a gas-tight syringe and a sampling port in the gas bag. The gas sample (150 µL) was injected in duplicate into a Series II 5890 Hewlett Packard (Avondale, PA) gas chromatograph (GC) with a 0.53 mm × 30 m GS-Q phase capillary column (J&W Scientific, Folsom, CA). The injector, oven, and thermal conductivity detector (TCD) temperatures were 125, 50, and 250°C, respectively. The carrier gas (helium) flow rate through the column was 4.1 mL/min. The sample was injected in a split mode with approximately 12% of the sample going through the column. The make-up and reference gas for the TCD was helium.
Gas chromatograph calibration of methane (CH 4 ) and carbon dioxide (CO 2 ) gases was performed by injecting different volumes (25-150 µL) of pure gases. The calibration was linear-peak area was proportional to the amount of gas injected (Fig. 2) . The volume of gas produced in the digesters was measured by allowing the gas collected in the bag to flow into a graduated cylinder filled with water and measuring the volume of displaced water.
PROCEDURES
Starter cultures were prepared using cow manure and tap water in 2-L digesters at two different solids concentrations, 25% and 50%, based on wet manure. The digesters were incubated at 37°C. The gas generation and gas composition in the gas are shown in Fig. 3 and Fig. 4 . for the two types of starter cultures Because of the more rapid generation of gas in the digester containing 25% solids, aliquots from this digester were used as the starter culture for new digesters with zoo dung. The next set of five digesters was started using zoo dung and tap water in the 250-mL digesters. The wet solids concentration was 25% in all cases. Half of the digesters were started with 10% (w/w) aliquots from the starter culture with 25% cow manure. A control digester was also prepared with the same amount of starter culture, but with no additional water or dung. This control digester accounted for the amount of gas produced from the starter culture itself. A depiction of the different digester conditions may be seen in Fig. 5 . All these digesters were incubated at 37°C and sampled periodically. The next set of eight digesters was started using zoo dung and tap water (or tap water augmented with 1.34 g/L ammonium chloride, NH 4 Cl, to provide a source of nitrogen) in the 250-mL digesters. The wet solids concentration was 25% in all cases. All the digesters were started with 3% (w/w) of starter from the digester with rhinoceros dung and cow manure starter from the previous set. Half of the digesters were incubated at 37°C and the other half were incubated at 50°C. A depiction of the different digester conditions is shown in Fig. 6 .
Elephant dung, 25% 37°C
Rhinoceros dung, 25% 37°C
Elephant dung, 25% Nitrogen supplement 37°C
Rhinoceros dung, 25% Nitrogen supplement 37°C
Elephant dung, 25% 50°C
Rhinoceros dung, 25% 50°C
Elephant dung, 25% Nitrogen supplement 50°C
Rhinoceros dung, 25% Nitrogen supplement 50°C 
RESULTS
The use of a starter culture from an active digester with cow manure shortened the lag time for new digesters. This may be noted in Fig. 7 and Fig. 8 , where the biogas generation rate and the methane generation rate has been plotted as a function of the digestion time. The lag time for digesters with starters was on the order of a few days, while the lag time was on the order of 1 to 2 weeks without a starter. As noted from the results presented in the figures, the digester with just rhinoceros dung appeared to have a significantly lower biogas and methane production rate than what was noted in the other digesters. This result was attributed to a gas leak noted in this digester; the leak could not be sealed without compromising the experiment. Thus, it must be assumed that the measured rates in this digester were lower than the actual rates. In all cases, there was an initial spurt of gas production, early in the digestion time, when the easily degradable carbon sources are converted. After this initial spurt, the biogas and methane production rates were constant at 1.1 L gas/kg wet dung/day and 0.03 mol CH 4 /kg wet dung/day. Biogas and methane production dropped sharply after 35 days of digestion time. The biogas and methane yields are shown in Table 2 . The benefit of using a starter is clearly seen in the yields. Both types of dung resulted in similar results a biogas yield on dung of 0.051-0.057 L/g. This compares favorably with the results obtained by Mandal and Mandal, who obtained 2.4-3.3 L gas from 150 g of "dense" animal dung, such as camel and horse dung. 3 The yield of methane on TVS of 0.2 L CH 4 /g TVS follows well those reported by Gunaseelan for average grasses in his review article. 2 The final pH of the digesters at the end of the incubation period was 6.95-7.39. The control digester containing just starter did not produce significant biogas. In order to potentially increase the biogas and methane yield on rhinoceros and elephant dung, nitrogen was supplemented to some of the digesters in the subsequent experiment. Elephant dung has been found to contain lower than optimal nitrogen content for methane generation. 6 Nitrogen was added in the form of ammonia to achieve a carbon-to-nitrogen ratio of 25 g/g, which is considered in the optimal range. 6 The effect of nitrogen addition and incubation at 37°C or 50°C may be seen in Fig. 9 and Fig. 10 . As in the previous study, there was a high initial methane production rate, followed by a much slower rate. The digester with elephant dung was incubated at 50°C with supplemental nitrogen initially produced a small amount of biogas and the production halted for several weeks; then suddenly, gas was generated again.
The biogas and methane yields are shown in Table 3 . The largest amount of gas was produced in the elephant dung digester supplemented with nitrogen and incubated at 37°C. It is interesting to note that the amount of gas produced in this digester was less than the amount of gas produced in the digester with elephant dung and cow starter, incubated at 37°C (see Table 2 ). The digestion of rhinoceros dung did not appear affected by supplemented nitrogen, and the rhinoceros dung digester in the second set of experiments produced less biogas than the digester with rhinoceros dung and cow starter, incubated at 37°C (see Table 2 ). This indicates that the use of a blend of cow manure and zoo dung would yield more biogas and methane. The final pH of the digesters at the end of the incubation period was pH 8.3. The biogas methane content for the digesters incubated at 37 and 50°C is shown in Fig. 11 and Fig. 12 . As noted, the methane concentration in digesters incubated at 37°C was fairly constant, around 60%. The methane concentration was higher at the elevated temperature (50°C) during the initial part of the incubation, but it dropped toward the end of the incubation period. 
ESTIMATED BIOGAS ENERGY AVAILABILITY AT THE KNOXVILLE ZOO
The Knoxville Zoo produces 30 cubic yards (23 m 3 ) of herbivore dung per week and cost of disposal of this dung is $105/week. 7 The estimated weight of this dung is 20 metric ton per week or approximately 1050 ton/year, assuming a density of 0.88 ton/m 3 . This annually generated dung contains approximately 158 ton of TVS, which could potentially generate 17,400 m 3 methane and the energy value for this methane is 6.6·10
CONCLUSIONS
Elephant and rhinoceros dung was used to investigate the feasibility of generating methane from the dung. The methane yield on the dung was approximately 0.033 L biogas/g dung (0.020 L CH 4 /g dung), and the digestion of elephant dung was enhanced by the addition of ammonium nitrogen. Digestion was better overall at 37°C when compared to digestion at 50°C. Based on the amount of dung generated at the Knoxville Zoo, it is estimated that two standard garden grills could be operated using the gas from a digester treating 20 metric tons of herbivore dung per week.
